This paper presents the results of investigations on the removal of cyclohexane vapors from air using a peat-perlite packed biotrickling filter. Effects of basic process parameters i.e. inlet loading and empty bed residence time as well as introduction of n-butanol to the treated air stream and starvation periods on the process performance were evaluated. The results show that the introduction of hydrophilic n-butanol results in an enhanced removal of hydrophobic cyclohexane comparing to the experiments where only cyclohexane was treated. Additionally, the biotrickling filter performance after the starvation events is regained to more extent for mixed system than for the single cyclohexane. A novel and interesting element of the paper is the application of an electronic nose for the process monitoring. Obtained results are discussed in the perspective of an influence of the presence of a compound with different affinity to aqueous phase on the removal efficiency of the compound with opposite chemical properties.
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Introduction
Efficient and cost-effective removal of malodorous gases from air is raising in importance from both social and environmental issues. Among various treatment methods for air deodorization (e.g. absorption, adsorption, thermal oxidation), biological processes, including biofiltration, are favored due to high efficiency, low operational costs and minute secondary pollution (McNevin and Barford 2000; Mudliar et al. 2010; Gospodarek et al. 2019) . Biotrickling filtration (BTF) is a specific mode of biofiltration, combining the features of biofilters and bioscrubbers in one apparatus. The process of biotrickling filtration consists in passing an odorous gas through a packed bed, trickled with a liquid enriched with mineral salts. A biofilm containing microorganisms is developed on the elements of a packing material. As a result of mass transfer of gas components to the biofilm, the concentration of the pollutants in the gas phase decrease and these components, absorbed by the biofilm and adsorbed on the surface of packing elements, undergo biodegradation (Schiavon et al. 2016 ). Due to the construction pattern of biotrickling filters (BF), hydrophilic volatile organic compounds (VOCs) are generally easily removed from air due to their relatively high water-solubility and bioavailability. In such a case, the removal performance of the biofilter is limited by the reaction rate. However, when hydrophobic VOCs are treated, the limitation step of the process is the diffusion from the gas phase to the aqueous biofilm. Thus, the removal efficiencies of hydrophobic compounds are lower than for hydrophilic compounds (Cheng et al. 2016a; Yang et al. 2018) .
The performance of biotrickling filters is basically dependent on following elements: composition of the feed gas, applied packing material, inlet loading, gas flow rate, temperature, composition of the biofilm, composition of liquid and frequency of trickling the filter bed, but also on the starvation periods and shock loads of pollutants (Mirmohammadi et al. 2014; Jiménez et al. 2017; Barbusinski et al. 2017; Rybarczyk et al. 2019) . The research on biotrickling filtration has been mainly focused on the removal of single pollutants from air. For example, Montebello et al. (2013) investigated effects of packing materials and pH on the performance and microbial diversity of BF treating hydrogen sulfide. Lebrero et al. investigated the mass transfer of toluene in polyurethane-packed BF (Lebrero et al. 2012) . Influence of addition of an organic phase to the trickling liquid was investigated for the biotrickling filtration of α-pinene (Montes et al. 2010) . Effects of empty bed residence time and inlet loading on the steadystate operated BF treating chlorobenzene were investigated by Yang et al. (2013) .
Currently, the development of biofiltration techniques, including biotrickling filtration, concentrates, among others, on the enhancement methods of the removal of hydrophobic VOCs. This may be realized by several approaches, e.g. use of surfactants (Yang et al. 2010a; Song et al. 2012; Tu et al. 2015; Cheng et al. 2016b; Qian et al. 2018) , reactor modification (Chen et al. 2012; Muñoz et al. 2012 ), selection of microbial species (Rene et al. 2010) . Interestingly, research indicates that the removal of hydrophobic compounds may be improved when hydrophilic compounds are introduced to the treated gas stream. Such an approach allows for mixing various streams of gases to enhance the overall removal rate. Yang et al. (2018) analyzed the simultaneous removal of multi-component VOCs in conventional biofilters pointing out that positive, negative or neutral interactions between substrates may occur. Such interactions lead to either enhanced or decreased efficiency of the process. This may be a result of changes in the bioavailability and biodegradability of the target compounds when mixtures of VOCs with different affinity to aqueous phase are considered.
Selection of cyclohexane and n-butanol as objectives of this study results from their different physicochemical properties, as presented in Table 1 . Cyclohexane is characterized by very low value of Henry's constant (H) as well as low solubility in water, thus indicating its hydrophobic character. Contrary, both H value and solubility in water for hydrophilic n-butanol are several orders of magnitude higher than for cyclohexane. Additionally, these compounds have been very rarely studied as target compounds for biotrickling filtration.
In this paper, as a packing material was used a mixture of peat and perlite sandwiched between bottom and upper layers of Raschig rings. It is worth noting that natural media are inhabited by plenty of microorganisms and does not require inoculation prior to the biofilter's startup. However, due to the limited stability and need of relatively frequent exchange, natural packing materials are usually applied in conventional biofilters rather than in biotrickling filters (Barbusinski et al. 2017; Wu et al. 2018) . Interestingly, the research is proposed on the application of such media in biotrickling filters Szulczyński et al. 2019) . In such a case, natural media are usually mixed with inert materials (e.g. ceramics) to limit the bed clogging as well as excessive pressure drop and shorter biofilter start-up periods are possible comparing to typical periods of biotrickling filter's start up after the inoculation of the packing material. Peat is exceptionally interesting as a biofilter packing material because it is naturally inhabited by plenty of microbial species, thus giving the possibility for the efficient removal of a broad scope of volatile organic compounds from air. For example, more than 600 fungi species have been isolated from natural peat samples (Thormann and Rice 2007) . Thus, isolation and selection of microbial species from peat samples, especially fungal microbes, and subsequent inoculation to BF may serve as a way of enhancing the biofiltration efficiency when hydrophobic VOCs are of interest (Cheng et al. 2016a, b, c; Rybarczyk et al. 2019) .
Recently, the first research on biotrickling filtration of cyclohexane was presented by Salamanca et al. (2017) . It was found that the removal efficiency of cyclohexane was within the range 80-99%, corresponding to the elimination capacity (EC) of up to 38 g m −3 h −1 , in the biotricklng filter packed with polyurethane foam, inoculated with Acidovorax sp. CHX 100. Biotrickling filtration of n-butanol was investigated by Schmidt et al., indicating high removal efficiency of n-butanol for the inlet concentrations in the range of 1-2.5 g m −3 (Schmidt et al. 2017) , resulting in the maximum values of EC reaching 100 g m −3 h −1 . Up to the best knowledge of the authors of this manuscript, no paper is available on the evaluation of the influence of n-butanol on the performance and removal efficiency of BF treating cyclohexane. Additionally, typically for the investigations of laboratory biotrickling filtration processes, the results are evaluated using gas chromatography (GC) technique. From both quantitative as well as qualitative viewpoints, gas chromatography is the most valuable method for this purpose. However, due to the low cost and short time of a single analysis, electronic noses have become an alternative to gas chromatography in many instances (Szulczyński et al. 2017) . The use of an electronic nose allows to monitor the process in an on-line mode and it has been successfully used in the assessment of the biofiltration process efficiency (Cabeza et al. 2013; Guz 2015; Szulczyński et al. 2018 ). Thus, beside gas chromatography, an electronic nose is used for the evaluation of the process performance in this study.
Taking into account a possible approach of enhancing the removal of hydrophobic VOC in BF, the main aim of this paper is to investigate an influence of addition of a hydrophilic compound (n-butanol)on the performance of a biotrickling filter treating air polluted with cyclohexane (hydrophobic compound). Additionally, effects of basic process parameters (inlet loading, IL, and empty bed residence time, EBRT) as well as starvation events are evaluated.
Experimental
Investigations were performed in two biotrickling filters working in parallel: one biofilter was treating air containing cyclohexane (Merck, Darmstadt, Germany) , the other biofilter treated a mixture of cyclohexane and n-butanol (POCH, Gliwice, Poland). Each BTF set-up ( Fig. 1) consisted of a two-section plexi glass column packed with a mixture of peat and perlite (Compo Sana, Compo GmbH, Münster, Germany). A mixture of peat and perlite was placed on a bottom layer of ceramic Raschig rings (10 × 2.4 mm) and covered with a top layer of finer ceramic Raschig rings (6 × 1.5 mm) to ensure uniform distribution of trickling liquid and to limit the bed clogging episodes. The pressure drop across the packed bed was monitored during the experiments. The BF was fed with a gas mixture from the bottom and the packed bed was periodically trickled with a liquid from the biofilter top using a peristaltic pump. Detailed information on the BF dimensions and trickling pattern is given in Table 2 .
Mixtures of air with cyclohexane or cyclohexane and n-butanol were obtained in a gas mixture generator. Gaseous mixtures were generated by passing the purified and dried air via a porous sinter through liquid n-butanol and/or cyclohexane contained in vials. The formed mixture was diluted with a zero air stream to achieve the desired concentrations of VOCs. The gas flow rate was controlled and regulated using a precise mass flow controller (Vögtlin, Aesch, Switzerland). Pressure measurements were made using MPX5010DP sensor (NXP Semiconductors, Eindhoven, Netherlands).
The experiments were conducted without a bed inoculation taking advantage of microorganisms naturally inhabiting the peat. Prior to the introduction of a gas flow through a BF, a conditioning of a packing was introduced. A packed bed was activated using a Buffered Peptone Water medium (Merck, Darmstadt, Germany) by trickling for a period of 4 days. After this period, a trickling liquid was changed into mineral salt medium (MSM) containing following salts dissolved in distilled water: Na 2 HPO 4 × 2H 2 O, KH 2 PO 4 , NaCl and NH 4 Cl and the gas flow was introduced to the BTF. All the components of MSM were purchased from POCH (POCH, Gliwice, Poland). The mineral salt medium was autoclaved prior to its introduction to the BTF. The processes were carried out at room temperature (23-25 °C).
Samples from the inlet and outlet gas streams were taken to Tedlar bags and the concentration of cyclohexane was determined using Varian CP-3800 gas chromatograph (Varian Analytical Instruments, Walnut Creek, CA, USA) equipped with a flame ionization detector. Following column was applied: DB-WAX 30 m × 0.53 mm × 1 μm (Agilent Technologies, Santa Clara, CA, USA). Nitrogen was used as a carrier gas, oven temperature was set at 100 °C, detector temperature was set at 200 °C. Carrier gas flow rate was 3 ml min −1 , split was equal to 10.
The inlet and outlet gaseous samples were additionally analyzed using an electronic nose prototype equipped with eight metal oxide sensors manufactured by Figaro Engineering Inc. (Figaro Engineering Inc., Mino, Osaka, Japan): TGS318 (Sensor 1), TGS2106 (Sensor 2), TGS2444 (Sensor 3), TGS2600 (Sensor 4), TGS822 (Sensor 5), TGS2602 (Sensor 6), TGS2201A (Sensor 7), TGS2201B (Sensor 8). Each of listed sensors responds to a wide range of VOCs vapors. Therefore, Multiple Linear Regression (MLR) was used to determine the concentration of cyclohexane in the presence of n-butanol. The MLR model in Eq. (1), describing the concentration (c) as a function of the e-nose sensor signal (S), was used for further calculations (Gębicki et al. 2015) :
Calibration of the electronic nose was carried out in accordance to the previous research (Szulczyński et al. 2018 ) and after rejecting the statistically insignificant parts of the MLR model (characterized by a determination coefficient equal to 0.91) the form of equation is as follows:
The process performance and efficiency were evaluated using the values of removal efficiency (RE) and elimination capacity (EC):
where C in is the concentration of cyclohexane in the inlet gas stream, C out is the concentration of cyclohexane in the (1) 
0.08 0.68 2.5 0.2 0.5 3 2 outlet gas stream, Q is the volumetric gas flow rate and V is the total volume of a BTF packing. Inlet loading as well as empty bed residence time were calculated as follows:
Results and discussion
Effects of IL and EBRT on the removal of cyclohexane from air in the biotrickling filter are presented in Fig. 2 . During the first 2 days of a biotrickling filtration process, values of RE increase, reaching maximum value of about 75%, and then the RE values decrease. This may be related to initial absorption and adsorption of cyclohexane in the biofilter packing material, bearing in mind that the microbial flora is not yet sufficiently grown and accommodated to the treated compound. In the second stage of the process, the inlet loading of cyclohexane was increased from 45 to 112.5 g m −3 h −1 . This resulted in fluctuations and further decrease of RE values. During the stage III, inlet loading of cyclohexane was decreased to 45 g m −3 h −1 and the values of RE increased, reaching about 85-90% at the 25th day of the process. This may indicate the accommodation of the microbial species to the treated gas. A considerable increase of IL at the stage IV (from 45 to 180 g m −3 h −1 ) caused only a slight decrease of RE values, indicating rather a stable behavior of the system to the shock load of cyclohexane. The values of RE stabilize at the level of about 75%, even for increased inlet loading, resulting from a decrease of EBRT at
the stage V. Similar pattern of decrease of the VOCs removal efficiency for increased inlet loadings was encountered by Vergara-Fernandez et al. (2018) . It may be concluded that the investigated values of EBRT result in similar values of RE i.e. a decrease of EBRT (corresponding to the increase of the gas flow rate) does not change the system performance for the investigated time period. Effect of addition of n-butanol on the cyclohexane removal in the biotrickling filter is given in Fig. 3 . The values of IL for both cyclohexane and n-butanol are given in Table 3 . The pattern of IL variations is similar as discussed above when the removal of single cyclohexane was discussed (compare Fig. 2) . Values of RE fluctuate during the stages I and II, due to variable IL as well as low accommodation of the microbes within the biofilter packed bed. It is interesting, however, that the removal efficiency drops in the late phase of a stage II (Figs. 2, 3) . Such phenomenon is probably due to the high inlet loading of cyclohexane (Fig. 2) as well as of both cyclohexane and n-butanol ( Fig. 3) and still incompletely developed biofilm. A drop of a biofilter performance for increased inlet loading was observed by Yang et al. (2003) . Another reason for the drop of removal efficiency may be due to increased biomass growth result corresponding to increased inlet loading drops (Yang et al. 2010b ). The biomass overgrowth may lead to bed clogging and channeling phenomenon, which results in deterioration in the biofilter performance. However, it is rather not the case in these investigations and a decrease of ILs for both n-butanol and cyclohexane at stage III results in an increase of RE values, up to about 90% at the 23rd day of the biofiltration process. Values of RE stabilize during stages IV and V and the RE values are considerably higher (Fig. 3 ) than those presented in Fig. 2 when single cyclohexane was treated. This behavior of a system indicates that the addition of hydrophilic n-butanol I  II  III  IV  V results in an increased performance of a biotrickling filter treating hydrophobic cyclohexane. Possibility of such a behavior was discussed (Cheng et al. 2016a; Yang et al. 2018 ) and may be explained by an increase in bioavailability of hydrophobic VOCs for the biofilm resulting from the addition of a hydrophilic compound. It is important because the relatively low mass transfer rates from gas to the biofilm phase limit the biodegradation of hydrophobic compounds. The observed increase of removal efficiency of cyclohexane may also be a result of enhanced growth of microbes within the biofilm when n-butanol is fed to the biofilter and it seems to be an easily available source of carbon for the microbial species, due to its high solubility in water. Additionally, the microbial composition of the biofilm may get adjusted to the treated gas mixture, resulting in enhanced growth of species particularly involved in the biodegradation of cyclohexane and n-butanol. However, such investigations were not within the scope of this work and the explanation of mechanisms of synergistic interactions between the gas components should the objective in the future research regarding biotrickling filtration Rybarczyk et al. 2019) . Effects of starvation episodes on the cyclohexane biotrickling filtration are presented in Figs. 4 and 5. Studies on the effect of starvation on the system performance are valuable when scaling up the biotrickling filtration is In the discussed investigations, the starvation consisted in the elimination of cyclohexane or a mixture of cyclohexane and n-butanol from the inlet gas stream i.e. pure air was fed to the BTF during the starvation periods. The starvation events lasted for 12, 24 and 48 h, and the subsequent starvation was introduced only when the system recovered to the performance similar to the one prior to the starvation, indicating the re-acclimation period (Cheng et al. 2016c ). The starvation episodes were introduced when the investigated systems were working at steady-state conditions, i.e. around the day 50 from the processes start-up. The results presented in Figs. 4 and 5 show that the removal efficiency of cyclohexane is diminished as a consequence of starvation periods. The longer the starvation event, the higher the RE decrease and the longer the re-acclimation period. This observation is in accordance with the results obtained by Jiménez et al. (2017) . What is more, the values of RE are slightly lower after each of the starvation episodes in both investigated systems (Figs. 4, 5) . This may be a cause of a too short time between the episodes and an incomplete re-acclimation.
It must be noted that the biotrickling filtration performance is higher for the system treating cyclohexane with n-butanol as compared to the biotrickling filtration of cyclohexane only. Values of elimination capacity of cyclohexane reaching about 140-160 g m −3 h −1 were obtained in presented experiments. Such values of EC are typical for biofilters packed with organic materials (Miller et al. 2019) , but considerably higher than EC of about 40 g m −3 h −1 obtained by Salamanca and co-workers (Salamanca et al. 2017) . When cyclohexane was treated in the presence on n-butanol, the removal efficiency of n-butanol exceeded 90% for all investigated cases, corresponding to the EC of n-butanol reaching 50 g m −3 h −1 . Similar elimination capacities were obtained by Schmidt et al. (2017) when n-butanol was removed from air in a co-current perlite-packed biotrickling filter, however, EC values reaching 1000 g m −3 h −1 are possible when biotrickling filtration of hydrophilic compounds is considered (Ramirez et al. 2007) .
It is worth noting that the re-acclimation periods are shorter when cyclohexne is treated simultaneously with n-butanol, as given in Fig. 5 comparing to the results presented in Fig. 4 . This observation supports the previous statement that the behavior and performance of a BF is enhanced when hydrophobic VOC is simultaneously treated with the hydrophilic one. Further research is proposed on the effects of starvation episodes on the BTF system performance, including also total starvation periods i.e. when air supply is stopped.
The use of electronic nose in the presented research allowed for easy automation of the assessment of the biofiltration process efficiency. In the case of analyzed volatile organic compounds (cyclohexane and n-butanol), the validity of the e-nose calibration using the MLR model was confirmed-during the studies of cyclohexane itself as well as with the addition of n-butanol, results comparable to gas chromatography analysis are obtained. Only during the third stage of biotrickling filtration (Figs. 2, 3) , distinct differences were noticeable, which may be related to intermediate conditions between moderate and high inlet concentrations of cyclohexane, for the second and the fourth stage, respectively. Previous research confirmed that the proposed model underestimates the expected values of RE as compared to the gas chromatography results (Szulczyński et al. 2018) . This fact may be caused by sensors saturation phenomenon and their transition to a nonlinear operating range. 
Conclusions
Investigations on the effects of basic process parameters (IL, EBRT), the addition of hydrophilic n-butanol and the starvation events on the biotrickling filtration of hydrophobic cyclohexane were presented and discussed in this paper. The results indicate that the removal efficiency of cyclohexane reaches the level of about 70-80% for the steady state conditions for an inlet loading of 144 g m −3 h −1 and the empty bed residence time of 46 s. The removal efficiency of cyclohexane is much improved when it is treated in a mixture with n-butanol and values of cyclohexane removal efficiency reach more than 90% for the same values of IL and EBRT as given above. For the investigated range of EBRT values, the BTF system performance is kept constant, providing the steadystate conditions are reached. The results suggest the synergetic effects of n-butanol on the biotrickling filtration of cyclohexane supporting the hypothesis that hydrophilic VOCs may facilitate the biofiltration processes of hydrophobic VOCs. It was found that the longer the starvation periods, the longer the time needed to regain the initial removal performance of a biotrickling filter. Additionally, the biotrickling filter removal performance of cyclohexane is slightly diminished after each starvation period. Results presented in this paper show the usefulness of application of the electronic nose for monitoring and evaluation of a biotrickling filtration process. It is suggested that such a device should be used for continuous monitoring of the process which may be especially valuable for the investigations of the process mechanisms and the system response to variable process conditions. It is proposed that future investigations in the field of basic research regarding the laboratory biotrickling filtration should focus on determining the mechanisms of mutual interactions of mixtures of various VOCs in the perspective of enhancing process efficiency by the composition of the treated gas stream. Additionally, such investigations should be related to changes in the microbial population of the biofilter and a search for new consortia specialized in effective treatment of multi-component gas mixtures.
